Cancer predisposition in approximately 60% of Li ± Fraumeni Syndrome (LFS) families is associated with germline mutation of the TP53 gene. The p53 protein has been shown to mediate G 1 arrest following DNA damage. We have investigated g-irradiation-induced transient and permanent G 1 arrest in normal and LFS ®broblasts. The duration of transient G 1 arrest varied between strains, but there was no dierence in the range between normal (2 ± 12 h) and LFS (1 ± 13 h) cells. However, the extent of permanent G 1 arrest was greatly reduced in LFS ®broblasts (mean 33+8% of the cell population) compared with normals (mean 67+9%) and correlated with their increased radiation survival (r=0.97, P50.001). This phenotype was observed in LFS ®broblasts both with (seven cases) and without (two cases) TP53 mutation. Parallel studies with ®broblasts derived from cancer-prone, p53-de®cient mice revealed no radiation-induced G 1 cell cycle arrest in p53 null (7/7) cells. The p53 +/7 cells were comparable to the wt p53 cells in transient G 1 arrest capacity, but showed a diminished permanent G 1 arrest. These data clearly implicate p53 function in permanent G 1 arrest. The reduced capacity for DNA damage-induced, permanent G 1 arrest in LFS may contribute signi®cantly to cancer predisposition in this familial syndrome.
Introduction
The cancer-prone condition termed the Li ± Fraumeni Syndrome (LFS) was initially described following an epidemiological review of cancer in the relatives of children with rhabdomyosarcoma (Li and Fraumeni, 1969) . The characteristic neoplasms of LFS include bone and soft tissue sarcoma, breast tumour, brain tumour, adrenocortical carcinoma and leukaemia, which typically exhibit an early age of onset (Birch et al., 1994) . LFS-like families have also been described; these kindreds conform to a more relaxed set of criteria than those of classic LFS families (Birch et al., 1994) .
In approximately 60% of LFS and 25% of LFS-like families (J Varley, manuscript in preparation) cancer predisposition is associated with a germline mutation in one allele of the TP53 gene (Malkin et al., 1990; Srivastava et al., 1990; SantibaÂ nÄ ez-Koref et al., 1991) , encoding the p53 tumour suppressor protein. p53 is thought to be involved in monitoring the integrity of the genome (Lane, 1992) , and acts as an important G 1 / S checkpoint control following DNA damage (Kuerbitz et al., 1992) . p53 protein induction leads to cell cycle arrest at the G 1 /S border (Kastan et al., 1991) at least in part by upregulating the p21 Waf1/CIP1 protein (ElDeiry et al., 1993) which acts as a universal inhibitor of cyclin dependent kinase activity (Xiong et al., 1993) . p53-dependent apoptosis has been described (Clarke et al., 1993; Lowe et al., 1993) and wildtype p53 function has been implicated in DNA repair (Ford and Hanawalt, 1995) and G 2 phase cell cycle arrest (Bouer et al., 1995; Paules et al., 1995; Stewart et al., 1995) .
However, the exact contribution of a heterozygous TP53 mutation to cancer predisposition in LFS is unclear. We have used ionising radiation (g-rays) as a model genotoxic agent to investigate phenotypic abnormalities of cells derived from LFS and LFS-like individuals (subsequently referred to as LFS). We have recently demonstrated resistance to the lethal eects of ionising radiation in ®broblasts derived from four unrelated LFS individuals, where cancer predisposition was associated with heterozygous germline mutation in TP53 (Sproston et al., 1996) . To gain insight into the underlying mechanism of this radioresistance and its possible relationship to tumourigenesis, we have studied G 1 arrest in LFS and LFS-like ®broblasts. It has previously been shown that G 1 phase arrest in ®broblasts can either be in the form of a transient pause in cell cycle progression, or a permanent arrest (Little and Nagasawa, 1985; Di Leonardo et al., 1994) . The latter appears to be a senescence-like state, with the vast majority of cells having lost the capacity for continued proliferation (Di Leonardo et al., 1994) . We have used a continuous DNA labelling autoradiographic technique (cumulative labelling index, CLI) to monitor the capacity of irradiated G 0 ®broblasts to undergo DNA synthesis and their time of entry into the S-phase. Such analysis allows the extent of both transient and permanent G 1 arrest to be accurately determined. The ®broblast strains used were derived from LFS families with or without germline TP53 mutations (Table 1) . To relate the ®ndings of our study to a model experimental system, we have used the same technique to study G 1 arrest in ®broblasts derived from transgenic knock-out mice lacking one or both TP53 alleles.
Results

Analysis of cell cycle progression
Representative cumulative labelling indices (CLIs) from a normal and a LFS ®broblast strain are shown in Figure 1 . Without irradiation, upon subculture of con¯uent G 0 -phase cells, the vast majority progressed through G 1 in an almost synchronous fashion. As this population entered DNA synthesis, at about 20 h, there was a large increase in the percentage of tritiated thymidine labelled cells in a small time interval (control curves, Figure 1A and B). However, some cells entered DNA synthesis at a later time, giving a shoulder to the labelling curve prior to achieving the maximum labelled population at around 50 h (Figure 1) . Irradiation of the ®broblasts immediately prior to subculture did not alter the time at which the cells ®rst became labelled or the time taken to achieve maximum labelling. In addition, there was no signi®cant loss of cells with time after irradiation as the cell density observed remained constant and comparable to that of the unirradiated controls. There was, however, a substantial decrease in the number of cells undergoing DNA synthesis up to 120 h after subculture (Figure 1 ). Preliminary data showed that for individual ®broblast strains, the relative dierence between the CLIs obtained with and without irradiation was irrespective of culture age (data not shown). To reduce the possibility of acquired genetic alterations contributing to the radiation-response observed, TP53 status (where appropriate) was monitored by restriction fragment length polymorphism analysis (data not shown) and ®broblasts were routinely used within half of their maximum in vitro lifespan.
Transient G 1 arrest was observed in both normal and LFS ®broblasts
To ascertain whether there is a quantative dierence in transient G 1 arrest between normal and LFS fibroblasts, the dierence between control and irradiated cells in the time taken to reach 50% of the maximum CLI was determined (designated`a' in Figure 1A) . The values obtained for all ®broblast strains studied covered a wide range from 1 to 13 h but there was no consistent dierence between the normal and LFS cell types from individuals either with or without TP53 mutation (Table 1; Figure 2A ).
LFS ®broblasts have a diminished capacity for permanent G 1 arrest Permanent G 1 arrest was calculated as the percentage reduction in maximum CLI after irradiation compared with the control value (designated`b' in Figure 1A ) and was signi®cantly less in the LFS cells than in normal ®broblasts (Table 1 ; Figures 1 and 2B ). The range of values obtained for the normal and LFS strains (54.7 ± 80.0%, mean 67.2+8.7% and 21.6 ± 42.9%, mean 33.4+8.4%, respectively) showed less variability than for the transient G 1 arrest, and clearly discriminated between the normal and the LFS strains ( Figure 2B ). Cell strains from individuals aected with typical LFS tumours within families with no predisposing TP53 mutation (Families 81 and 88, Table 1 ) exhibited permanent G 1 arrest comparable to mutation-carriers (Table 1 ). The two non-carrier strains from TP53 mutation-carrying families showed permanent G 1 arrest within the normal range ( Figure 2B ).
The extent of permanent G 1 arrest was analysed in ®broblast strains derived from three members of family 83 (Table 1) , two carrying TP53 mutations (one aected and one unaected) and the third from an unaected individual with wt TP53 (Table 1) . Reduced permanent G 1 arrest was associated with the presence of TP53 mutation irrespective of whether the individual from which the ®broblast strain was derived had cancer (Table 1) . Conversely, in a second TP53 mutation carrying family (family 16; Table 1), the cells derived from an early-onset cancer patient with no detectable TP53 mutation (non-carrier) displayed a permanent G 1 arrest (77%) within the normal range (Table 1 ).
The extent of permanent G 1 arrest correlates with radiosensitivity
Five of the LFS and four of the normal strains used in this study had previously been assessed for their survival capacity (colony-forming ability) after girradiation (Sproston et al., 1996 and Sproston, unpublished observations) . After high dose rate (HDR) irradiation, as used in the present investigation, only one LFS strain (FH1) showed a signi®cantly radioresistant phenotype compared with normals. However, after low dose rate (LDR) exposure, which is known to amplify small dierences in survival response seen with HDR (Weeks et al., 1991; Burnet et al., 1994) , all the LFS strains were signi®cantly more resistant than the normal strains (Sproston et al., 1996) . The quantitative relationship between G 1 arrest and these radiosensitivity data (Sproston et al., 1996) was determined by linear regression analysis (Table 2 and Figure 3 ). Transient G 1 arrest showed no signi®cant correlation with survival. In contrast, the extent of permanent arrest displayed a clear negative correlation and this was the case for survival at both LDR and HDR exposure (Table 2; Figure 3B ) despite the fact that our earlier studies were unable to discriminate signi®cantly between the survival of LFS and normal cells using HDR irradiation.
Cell cycle analysis in p53 knock-out mice
CLIs were obtained for ®broblasts derived from wt p53 (+/+), p53+/7 and p537/7 mice and transient and permanent G 1 arrest were determined as for the human ®broblasts. The duration of radiation-induced transient G 1 arrest was similar for p53+/+ and p53+/7 ®broblasts (4 and 7 h, respectively). No radiationinduced, transient G 1 arrest was observed in the p537/7 ®broblasts (data not shown).
Permanent G 1 arrest in response to irradiation was observed in the p53+/+ and p53+/7 ®broblasts and increased in a dose dependent fashion (Figure 4) . However, the extent of permanent G 1 arrest was signi®cantly less in the p53+/7 than the p53+/+ ®broblasts at each dose tested (two-sample t-test).
Fibroblasts from p537/7 mice exhibited no permanent G 1 arrest at radiation doses up to 12 Gy ( Figure  4) . 
Discussion
We have analysed G 1 cell cycle arrest in response to girradiation in ®broblasts derived from LFS and normal individuals and from wildtype and p53 de®cient mice, using a protocol which allows discrimination between transient and permanent G 1 arrest. All ®broblasts studied (except those derived from p537/7 mice) exhibited transient G 1 arrest, the duration of which varied between strains. No consistent dierence in transient G 1 arrest was detected between the LFS and normal ®broblasts. This is compatible with our own previous observation of transient G 1 arrest in lymphoblastoid cell lines derived from LFS individuals (including some of those whose ®broblasts were studied here: Williams et al., 1996) , and other observations on lymphoblastoid cells of LFS patients (Lalle et al., 1995) . In contrast, the LFS ®broblasts showed a diminished capacity for radiation-induced, permanent G 1 arrest compared with the normal strains. Seven of the LFS strains were derived from individuals with a germline mutation in the TP53 gene. Although previous reports have implicated the involvement of the p53 protein in permanent G 1 arrest, these studies used either tumour cell lines (Di Leonardo et al., 1994; Li et al., 1995; , or else a LFS cell line in which heterozygosity for TP53 mutation had been lost (Little et al., 1994) . There are intrinsic problems in relating the extent of permanent G 1 arrest to p53 function per se in tumour cell lines, due to the complexity of genetic alterations in such cell types. This is highlighted in the work of Li et al. (1995) , in which some tumour cell lines with apparently functional p53 exhibited arrest, whereas others did not. It is therefore dicult to extrapolate these data to LFS cells that are not malignant and are heterozygous for TP53 mutation.
To directly address the question of the eect of p53 function on radiation-induced G 1 arrest, we used ®broblasts derived from p53 knock-out mice. Transient G 1 arrest was observed in both p53+/+ and in p53+/7 ®broblasts, but not in the p537/7 cells, which had completely lost the capacity for cell cycle arrest. These ®ndings are in agreement with previously published data . However, we have now extended these observations to show that hemizygosity for the TP53 locus is sucient to signi®cantly reduce the potential for Figure 3 Linear regression analysis of the relationship between permanent G 1 arrest and sensitivity to LDR (A) and HDR (B) girradiation. *, normal ®broblast strains; *, LFS and LFS-like ®broblast strains. Mean inactivating doses were determined from at least three independent determinations (Sproston et al., 1996) . Permanent G 1 arrest values represent the mean of three independent experiments Figure 4 The relationship between the maximum CLI (CLI max) and radiation dose in ®broblasts derived from wt and p53-defective transgenic mice. Cells were harvested within the plateau range of the control (unirradiated) CLIs. The control CLI max for each cell type was designated as 100% and the level observed after each radiation dose was normalised to the control value. Each point represents the mean of data obtained by scoring between four and eight dishes+s.d.
radiation-induced permanent G 1 arrest over a range of doses. This clearly implicates a dose-dependent p53 protein function in radiation-induced permanent G 1 arrest. Also included in our study were ®broblasts derived from cancer-bearing individuals within LFS families with no detectable predisposing TP53 mutation (Families 81 and 88; Table 1 ). These strains showed a permanent G 1 arrest response distinct from the normal range, and comparable to their mutation-carrying counterparts. Fibroblasts derived from an early onset cancer patient within family 16 (Table 1) who was a non-carrier for the predisposing TP53 mutation within this family exhibited permanent G 1 arrest within the normal range suggesting that the neoplasm in this individual (seminoma of the testis) is unlinked to the LFS predisposing event. The common phenotype of LFS ®broblasts with and without detectable TP53 mutation suggests that the latter group are also defective in p53-mediated cell cycle control through a defect either in p53 itself or in function(s) closely related to it. From a practical viewpoint, the detection of this phenotypic defect in permanent G 1 arrest function may form the basis of a diagnostic test for identifying aected members in LFS families with no apparent TP53 mutations.
Previous studies have been contradictory on the contribution of transient G 1 arrest to radiosensitivity (O'Connor et al., 1993; Slichenmyer et al., 1993; McIlwrath et al., 1994; Nagasawa et al., 1995) . In addition, there are con¯icting data regarding the integrity of the G 2 checkpoint in cells derived from transgenic TP53 knock-out mice (Bouer et al., 1995; Paules et al., 1995) , although there is evidence to suggest normal G 2 checkpoint control in LFS ®broblasts with heterozygous TP53 mutations (Paules et al., 1995) . Using both LDR and HDR irradiation we observed a clear inverse correlation between the extent of permanent G 1 arrest and cell survival. The reduced G 1 arrest/enhanced survival of LFS cells can be accounted for by (partial) loss of p53 function. It seems likely, therefore, that impaired, p53-mediated permanent G 1 arrest signi®cantly contributes to the greater radiation survival of LFS cells.
Mechanistically, both transient and permanent G 1 arrest appear to involve p53-dependent induction of the p21
Waf1CIP1 protein (Di Leonardo et al., 1994) . In human diploid ®broblasts, prolonged expression of p21
Waf1CIP1 is associated with permanent G 1 arrest (Di Leonardo et al., 1994) . Induction of either form of G 1 arrest is dependent on the ability of p53-coupled functions to monitor the integrity of the genome. Reduced genome surveillance (Lane, 1992) , either through an impaired damage detection or response system, would lead to less DNA damage-induced G 1 arrest which would, in turn lead to enhanced survival of genetically-damaged cells following genotoxic insult. Evidence to support this comes from the study of a LFS family with a radioresistant phenotype. Although these cells showed enhanced radiation survival (BechHansen et al., 1981) , they exhibited a greater frequency of radiation-induced chromosome damage (Parshad et al., 1993) , suggesting that genomic damage which would normally be lethal is not recognised.
Permanent G 1 arrest in ®broblasts may provide the functional equivalent of apoptosis described in other cell types as a mechanism for removing genetically damaged cells, that would otherwise be predisposed to malignant conversion, from the proliferating population. Indeed, the induction of arrest in response to increasing doses of radiation in the ®broblasts of p53 knock-out mice shown in our study is very similar to the apoptotic response in thymocytes from these animals (Lowe et al., 1993) . Furthermore, defects in the apoptotic response of peripheral blood lymphocytes derived from LFS patients have recently been reported (Camplejohn et al., 1995) . The contribution of loss of an apoptotic response to tumourigenesis in TP53 knock-out mice has been previously discussed (Lowe et al., 1993) . Depending on the cell type, defective p53-dependent permanent G 1 arrest or apoptosis may signi®cantly contribute to predisposition in the cancer-prone Li ± Fraumeni Syndrome.
Materials and methods
Fibroblast cultures
Fibroblasts were established from skin biopsies of individuals within LFS and LFS-like families (subsequently referred to as LFS families) ascertained through the CRC Paediatric and Familial Cancer Research Group, Manchester (Birch et al., 1994) . Control ®broblasts were derived from skin biopsies of six healthy donors (®broblast strains 85MA, 89MA, 93MA, 105MA, 120MA and 156MA) and an aborted foetus (strain HO11). Cells were maintained in Minimal Essential Medium (MEM; Gibco Laboratories) supplemented with 2 mM glutamine and 15% foetal calf serum (FCS) at 378C in a humidi®ed 95% air/ 5% CO 2 atmosphere. The ®broblasts from LFS families available for study included those derived from individuals with cancer, either with or without detected TP53 mutations, an unaected mutation carrier and two individuals with wildtype TP53 (non-carriers) from families where cancer predisposition was linked to TP53 mutation, one of whom had an early onset cancer (see Table 1 for details). Heterozygosity for TP53 mutations within the ®broblast strains at the time of use was con®rmed by restriction fragment length polymorphism analysis (data not shown).
Mouse ®broblast cultures were established from wt and p53 defective transgenic mice derived from the parental strain created by Donehower et al. (1992) . Shaved dorsal skin was minced and approximately 20 fragments of 1 mm 2 in size were placed into T30¯asks (Falcon, Becton Dickinson Labware). Once fragments had attached, MEM medium (supplemented as above) was added and ®broblasts were allowed to grow to con¯uence. Cells were then passaged once and used within the ®rst two population doublings.
Cell synchronisation and irradiation
To synchronise the ®broblast cultures in G 0 , cells were grown to con¯uence and then maintained in MEM supplemented with either 0.1% FCS for 48 h for human cells or 0.5% FCS for 24 h for mouse cells (Poot, 1990 ). Pulse-labelling for 30 min with 1.0 mCi ml 71 [methyl- 3 H]thymidine (speci®c activity 25 Ci mmol 71 , Amersham Life Science) revealed that less than 1% of the population were in S-phase following this procedure. Synchronous cells were g-irradiated to a total dose of 4 Gy for human cells and 4, 8 and 12 Gy for mouse cells delivered at 3.34 Gy min 71 at ambient temperature using a 137 Cs source.
Analysis of cell cycle progression following irradiation
The methodology was essentially that of Little and Nagasawa (1985) . Irradiated and mock irradiated cells were trypsinised immediately after treatment, and subcultured into multiple 3.5 cm Petri dishes (Falcon, Becton Dickinson Labware) at a cell density of 3 ± 4610 4 ml 71 in the presence of 1.0 mCi ml 71 [methyl-3 H]thymidine (speci®c activity 25 Ci mmol 71 , Amersham Life Science). At various times thereafter, cells were washed with phosphate-buered saline and ®xed with 100% methanol for 5 min at room temperature. Dishes were then coated in K-5 nuclear emulsion (Ilford Scienti®c Products) and left at 48C for 1 week prior to developing. Cells were stained with 5% Giemsa in buer at pH 6.8, and at least 400 cells per dish scored to determine cumulative labelling indices (CLIs). Analysis of dishes harvested soon after subculture revealed that the proportion of cells undergoing DNA synthesis remained comparable to that seen in the initial G 0 -population for 18 ± 22 h (data not shown), after which time there was a marked increase in the [methyl- 3 H]thymidine labelled cells (Figure 1) . To obtain replicate data for permanent G 1 arrest, cells were ®xed at 6 h and then at six timepoints between 60 and 120 h after subculture (when the CLI had reached a plateau, Figure 1) . The 6 h timepoint allowed con®rmation of an initially synchronous population and that there was no substantial cell loss with time after subculture.
